12.1. Introduction {#s0010}
==================

The respiratory system is considered among the most important systems in the human body. The respiratory system is divided into three completely different regions, each with different anatomical units. The primary region is referred to as the head airway region, the second as the lung airway, and the third region as the alveolar one. The inhaled particles that enter the respiratory system during the inhalation process will deposit in one of these regions, where several microorganisms and viruses additionally deposit, initiating different types of respiratory diseases ([@bib59]).

Unfortunately, throughout the years, several critical lethal diseases and complications are developed that would have an effect on this important system inflicting important health issues that reciprocally reduces the quality of life and work productivity and increases the morbidity and mortality burden. Respiratory disorder causes an immense worldwide health burden. It is estimated that 235 million people suffer from asthma ([@bib24]).

Studies address that not less than 200 million people suffer from chronic obstructive pulmonary disease (COPD), out of which a huge number of 65 million experience moderate-to-severe COPD, while 100 million of the adult population endure sleep-disordered breathing, more than 50 million fight with occupational lung diseases, millions of adult population live with pulmonary hypertension, and 8.7 million people develop tuberculosis annually, which total the number to more than 1 billion people suffering from chronic respiratory conditions. On the other hand, at least 2 billion people are exposed to the toxic effects of biomass fuel consumption, 1 billion exposed to outdoor air pollution, and 1 billion exposed to tobacco smoke. The official reports of health societies show that each year, 4 million people die prematurely from chronic respiratory disease ([@bib17], [@bib70]).

Clinical studies have demonstrated the precious advantage of inhalation aerosols over systemic therapy for the therapeutic treatment of lung disorders ([@bib7]). The inhaled route of administration is chosen to be effective for delivering different types of preventer and reliever drugs to patients with airway obstructions owning the unique advantage of delivering relatively small doses of drug directly to the respiratory tract airways for achieving a high local concentration and diminishing systemic adverse effects; besides they may provide considerable cost savings because of the lower dosage regimens, especially with expensive therapeutic agents. Consequently, this results in a high therapeutic ratio as compared with other systemic drug delivery either through oral or parenteral route of administration ([@bib7]). Numerous and countless studies have shown that the lungs provide substantially superior bioavailability (BA) for macromolecules than any other route of drug delivery to the systemic circulation [@bib49]; [@bib28]).

However, understanding the mechanisms of the inhaled particles deposit within the respiratory system opened the technique ahead to deliver the drug particles directly into the system to deposit there and exerts their anticipated action. This was achieved by developing a pharmaceutical dosage form known as the aerosols that was able to do that. Aerosols dosage forms are designed to be sprayed into the mouth which causes their contents to expel from the container directly into the lungs so as to deposit there and employ their anticipated action. Aerosols contain the active pharmaceutical ingredients (APIs) in combination with additional excipients in the form of fine mist. To form the final dosage, the ingredients are packaged with the aid of pressure to form a pressurized dispenser called the aerosol container. The excipients and therefore the components of the aerosol container along with plenty of other factors are accountable for the aerosols dosage form to indicate optimum function. Thus various quality control tests are performed to these dosage forms to guarantee that the ultimate product is at its optimum performance with the highest safety and that they fulfill product specifications which are going to be discussed in details throughout this chapter ([@bib78]).

As a conclusion and compared with other routes of administration, inhaled drugs are the backbone of treatment in the care of pulmonary diseases offering significant benefits including target drug delivery with reduced systemic side effects, and rapid onset of action that combined with high and long-term pulmonary BA. To achieve these benefits, several considerations should bear in mind regarding the physiochemical properties of inhaled drugs, and the formulation and device characteristics. A comprehensive understanding of the lung anatomy and pathology along with its associated kinetic processes, such as lung dose, and mechanisms of respiratory particles deposition are necessary to achieve the efficacy of inhaled drugs.

12.2. The respiratory tract: a therapeutic perspective {#s0015}
======================================================

Respiratory tract diseases will vary from being acute and self-limiting to chronic and life-threatening. In 2012 more than 671,900 people died within the European Union from respiratory system diseases. Chronic lower respiratory diseases such as bronchitis and pneumonia along with lung cancer were most prominent compared to other respiratory system diseases ([@bib17], [@bib70]). In the meantime at the United States, respiratory system diseases were responsible for 6.7% of all deaths in 2015 that graded as the fifth major cause of death and the eighth leading cause of health burden worldwide ([@bib14]).

The respiratory tract can be divided anatomically into two main portions: upper and lower. The nose, sinuses, pharynx, and upper larynx are components of the upper portion, whereas the lower larynx, trachea, bronchi, and lungs belong to the lower. Accordingly, anatomical classification rhinitis, sinusitis, bronchitis, tonsillitis, nasopharyngitis, pharyngitis, epiglottitis, and the common cold are considered as upper respiratory tract diseases caused by bacterial or viral pathogens. Examples of such pathogenic microorganisms are stained Gram-positive bacteria such as *Staphylococcus aureus*, *Streptococcus pyogenes*, and *Streptococcus pneumoniae*. On the other hand, *Haemophilus influenzae*, *Klebsiella pneumoniae*, and *Moraxella catarrhalis* are Gram-negative bacteria ([@bib42]). Respiratory viral pathogens that cause illness such as Parainfluenza virus, Coxsackie, influenza virus, coronavirus, rhinovirus, adenovirus, and respiratory syncytial virus are considered of being harmless, nevertheless in third world countries, they are a cause of death ([@bib36]). The policy of resolving upper respiratory tract infections involves relieving pain, reduce congestion, surprising cough, and inhibiting the growth of pathogens or eradicating them. Pharmacological treatment includes several categories of medications such as anticholinergics, antitussives, the first generation of antihistamine, decongestants, corticosteroids, nonsteroidal antiinflammatory drugs, and antivirals. Antibiotics such as amoxicillin, clindamycin, benzathine benzylpenicillin, phenoxymethylpenicillin, and erythromycin are mutual bacterial infections treatments. One of the foremost mistakes in the treatment plan is prescribing antibiotics for the viral pathogenic cause of infections due to a misdiagnosis that consequently elevates the possibility of microbial resistance ([@bib42]).

Pneumonia, TB, acute respiratory distress syndrome, pulmonary edema, pneumoconiosis, and lung cancer are diseases that affect the respiratory alveoli. Meanwhile, asthma, COPD, cystic fibrosis, emphysema, and chronic bronchitis are lung diseases affecting the airways and the tracheal branches. Some diseases distress pleura such as pleural effusion and mesothelioma ([@bib80]).

Asthma is a chronic disease of the respiratory tract airways that frequently demonstrates with irritating dry repetitive cough, wheezing, and breathlessness ([@bib41]). The treatment of choice for patients with persistent asthma is inhaled corticosteroids as well as many formulations and devices such as dry powder inhalers, breath-actuated inhalers, and pressurized metered dose inhalers (MDIs). One example for inhalation aerosol formulated as a pressurized MDI is Beclomethasone dipropionate hydrofluoroalkane inhaled corticosteroids. This medication was approved in the United States for 5-year-old patients or older and is formulated as a solution inhalation aerosol that delivers and distributes the drug to the peripheral airways ([@bib48]).

Pneumonia is an acute infection mainly affecting the lung parenchyma. This respiratory disease caused by microscopic pathogens is similar to those bacteria and virus that cause upper respiratory tract infections in addition to fungal causes such as *Paracoccidioides brasiliensis*, *Aspergillus fumigatus*, and *Cryptococcus neoformans*. Immunocompromised patients more frequently experience fungi-caused pneumonia than other patients. In general, pneumonia classified into hospital-acquired and community-acquired pneumonia, where hospital-acquired pneumonia is more dangerous due to multidrug resistant microorganisms that cause this class of diseases. Therapy of pneumonia depends on its category and cause ([@bib55]).

Finally, respiratory diseases are an enormous challenge to life and health and cause an immense worldwide health burden. Emphasizing the diseases of greatest and immediate concern we conclude that asthma is the most common chronic disease, and COPD is the fourth leading cause of death worldwide with growing numbers.

In recent decades, modern medicine has advanced concerning respiratory disorders treatments, and one of the most efficient drug-delivery techniques for those treatments is inhalation therapy using aerosols dosage forms that allow effective delivery of a therapeutically active medicament to the respiratory tract. Understanding the fundamental aspects of the aerosols dosage forms provides the backbone for developing this technique.

12.3. Aerosols dosage forms: fundamental aspects {#s0020}
================================================

Pharmaceutical aerosols are products that contain therapeutically active ingredients which are packed under pressure and are previously released upon activation of an appropriate actuator and valve system. The term "aerosols" was originally accustomed to describe a liquid or solid fine mists particles with a specific size range. The term "aerosols" now refers to pressurized packed products that contain the active ingredient(s) and excipients that are dispersed in a liquefied or compressed gas known as the propellant. It is by the power of this propellant that the contents of the aerosols are expelled from their container ([@bib79]). Aerosols dosage forms can be topically, orally, nasally, and systemically inhaled. By incorporating many different APIs into them, aerosols can be used for the treatment of a wide range of diseases, from acne to asthma and lung infections ([@bib4]). For example, salbutamol and metaproterenol sulfate are administered by the means of inhalation aerosols for relieving asthma symptoms ([@bib33]). [Fig. 12.1](#f0010){ref-type="fig"} shows a salbutamol inhaler dispenser which is used for asthma treatment.Figure 12.1Salbutamol inhaler.

The use of aerosol dosage forms was widely and speedily accepted by patients and their physicians because of the numerous advantages they possess over the other dosage forms, which are as follows ([@bib3]):1.Release accurate doses with eradicated contamination of remaining material.2.Expand the stability for the contents that are adversely affected by oxidation and moisture.3.Direct delivery for the medication to the affected area at the desired rate and form such as spray, stream, and foam.4.Eliminate irritation produced by topical application of topical medication.

Aerosols package consists of propellant, product concentrate, container, valve, and an actuator, as shown in [Fig. 12.2](#f0015){ref-type="fig"} . Propellants are accountable for generating proper expelling pressure within the container. Basically, product concentrate of an aerosol in which the active drug combined with suitable excipients can be delivered in three forms of liquid form a solution, suspension, an emulsion or in a form similar to semisolid. There are containers in which the product concentrate is filled. The valve is a part of the package through which the product concentrate is expelled in the desired form and rate. The actuator is an integral part of every aerosol package that allow easy opening and closing of the valve, which is usually designed in an appropriate way to give the desired form of discharge (fine mist, liquid stream spray, coarse spray, etc.) ([@bib3], [@bib45]). Figure 12.2Components of pressurized aerosol package.

The liquefied gases are very useful as they stay in the form of gases at ambient atmospheric pressure and temperature, then by elevating the pressure or lowering the temperature below their boiling point, they are liquefied. Once these liquefied gases are packed into the sealed containers, they change into liquid and vapor phase. The pressure inside the pressurized aerosol container gradually increases throughout the formation of the vapor phase until establishing equilibrium between the liquefied propellant phase and vapor phase. The liquid contents of the aerosol are pushed against the valve by the action of this pressure, and upon releasing of the valve, the liquid will expel and come in contact with room temperature and atmospheric pressure, thus causing the liquefied propellant to reappearance back to the vapor state, leaving the other components to deposit on the surface they are supposed to function upon. Examples of liquefied propellants are fluorocarbons that include dichlorodifluoromethane and dichlorotetrafluoroethane that are usually utilized in oral aerosols, whereas when compressed gas is used as the propellant gases such as nitrogen or carbon dioxide that are chemically considered inert gas, which is then compressed in the aerosol container, it is due to the expansion of this gas that the power to push the contents out from the container is established. A single or a mixture of propellants can be used in aerosol dosage forms ([@bib34], [@bib51]).

Aerosol containers can be manufactured from variable materials such as coated metals, glass, and, infrequently, plastic. Containers are engineered to deliver with good stability and efficacy against different product formulations and product performance prospects. The characteristics of the product formulation, type and amount of propellant used, pressure of the aerosol contents, and even the components of the aerosol are all manipulated to alter the characteristics of the dispenser to yield the performance claimed in labeling ([@bib34], [@bib54]).

The aerosol valve is a very important part of an aerosol container; it is a vital part responsible for expelling and dispensing the desired dose of the aerosol contents in the desired controlled rate. Valves account for delivering the product concentrate in the preferred form and controlling the flow rate of contents from the container. One of the important points that should be considered during the manufacturing process is that the valve should be resistible for corrosion and withstand the internal pressure encountered due to by-product concentrate and the container. Aerosols valve is also responsible to provide the appropriate amount of medication which is important especially for the delivery of potent therapies, where for this proper dispersion purpose, a valve usually spray about 50--150 mg ±10% of liquid materials at one time use of the same valve ([@bib29], [@bib34], [@bib54]).

The delivery of the aerosols contents depends on the integral function provided by the valve assembly, propellant, product concentrate, container, and actuator. An aerosol valve is a unique feature of this dosage which is a vital part for effective expelling and dispensing the desired dose of the aerosol contents in the controlled rate. Various types of aerosol valves are used depending on the physical form dispensed and how the aerosol to be used.

The types of the valves are variable; mainly two types are applicable---either a continuous spray valve or a metering valve.1.*Continuous spray valves*: To deliver the product contents constantly in the form of a spray or solid foam stream with or without amount determination. These kinds of valves are the main type used for all categories of pharmaceutical aerosols.2.*Metering valves*: To deliver the contents for potent medication, they are dispensing the exact amount of medicament upon each time of activation during application.

The basic parts of a valve assembly are given in [Fig. 12.3](#f0020){ref-type="fig"} and can be described as follows ([@bib35]):Actuator:It is the push knob which the user presses to activate or deactivate the assembly of the valve system. The physical form of the emitted product concentrate is determined by the combination of the type and amount of propellant used along with the proper actuator design and dimensions.Stem:Provides necessary support for the actuator and delivers the contents in the desired form to the chamber of the actuator.Gasket:Serves to prevent leakage of the product concentrate when the valve is in the deactivated position, placed tightly with the stem.Spring:It is that part of the device that allows the actuator draw backup on releasing pressure, returning the valve assembly to the closed position in this way. Besides that, it seals the gasket in place to prevent the outflow of the formulation.Mounting cup:It is normally mounted at the top of the aerosol container serves to hold the valve in place and feature a crimped closure at the opening of the container. The undersigned side of the mounting cup is exposed to the formulation, which imposes the same consideration as the inner part of the container with respect to meeting the criteria of compatibility. If necessary, it may be coated to prevent an undesired interaction.Housing:Positioned directly below the mounting cup and provides the association between the dip tube part and the valve stem along with the actuator. With the stem collaboration, housing orifice helps to control the delivery rate and determine the form in which the content of the product is emitted.Dip tube:It is the part of the valve assembly that extends downstream into the product concentrate aids to transport the contents from the container to the valve. The inner integral dimensions of the dip tube and housing for a particular product are determined according to the viscosity of the product and its intended delivery rate. [Fig. 12.3](#f0020){ref-type="fig"} shows the basic components of the valve assembly and its contents ([@bib35]). Figure 12.3Valve assembly and its components.

12.3.1. Transport and deposition to lung {#s0025}
----------------------------------------

Aerosol particles which are directed to the respiratory tract through oral or nasal routes of administration will end up in the respiratory tract, but not all of the inhaled particles entirely will reach the lungs, for example, one administered pump of the MDI includes million numerous inhaled particles, but only part of these particles will deposit at their intended target site in the respiratory tract; besides that, some of the inhaled particles will be exhaled ([@bib1]). Consequently, this will be a formulating challenging issue in order to accomplish an adequate therapeutic response by delivering the correct desired amount of the drug to reach the lungs ([@bib66]). In order to design a convenient, effective, and safe aerosol device, it is necessary to consider many factors that have a considerable role in determining the quantity of drug that gets transported and deposited within the lungs; the factors include (1) aerosol properties as the shape, density, and size of inhaled particles; (2) mode of inhalation along with the inhalation pattern (volume inhaled and the flow rate) along with breath-holding time; (3) characteristics of the inhaled carrier gas; and (4) other factors as patient-related factors, pathophysiology factors along with type, and severity of lung diseases ([@bib9]).

Starting with the means of operation, the distribution of the medication particles within the lungs will be more superficial with greater inhaled volume. In the meanwhile, as the inhalation flow rate is increased, the deposition of the drug in the oropharynx and large central airways by impaction will be greater. Lastly, to achieve adequate drug particles' deposition by the mechanism of gravitational particles sedimentation in the more peripheral parts of the lung, the breath-holding time is a critical factor. The prediction of aerosols properties, especially the aerodynamic diameters, is of significant importance when it comes to deposition of drug particles to the lungs itself. It is more reliable for the particles of 2 µm and larger in diameter to get deposited in the oropharynx and large conducting airways. The particle sizes of a pharmaceutical aerosol formulation are heterodisperse, meaning that they composed of various sizes, 50% of the aerosol elements by mass are smaller than the mass median aerodynamic diameter (MMAD) and the other 50% the particles is larger than the MMAD. The ideal size of the pharmaceutical aerosol particles is not yet well-defined, but, generally, it is known that in order for the inhaled particles to pass into the bronchial tree, the MMAD should not exceed 5 µm. The particle size of aerosols could be determined using measurement-related devices as cascade impactor or laser light scattering ([@bib81]).

During inhalation the incoming air should undergo a series of direction changes because it flows from the nose or mouth down through the branching airway system of the lung structure. Good understanding for the mechanism of inhaled particles deposition in the respiratory tract is of great worth to assist the toxicology risk of inhalation and to improve efficiency in drug delivery manner when discussing inhalation therapies ([@bib75]). Generally, the deposition of particles within the respiratory tract depends on five multiple mechanisms: (1) inertial particles impaction, (2) gravitational sedimentation, (3) electrostatic precipitation, (4) interception, (5) brownian particles diffusion (shown in [Fig. 12.4](#f0025){ref-type="fig"} ) ([@bib59]).Figure 12.4Five mechanisms of aerosol particle deposition.

Inertial impaction is the mechanism of deposition that occurs when airflow changes direction and the particle, which happens to be close to the airway wall, follows its original direction instead of adjusting to the airflow. Particles that are bigger in size than 5 µm are influenced by this deposition mechanism. The inertia of these large aerosol particles led to increasing resistance to change their direction when the flow of air into the respiratory tract changes its path suddenly, this will cause them to deviate away from streamline of air, causing them to impact and deposit on the walls of the airway. The energy of particles tends to keep them on their preestablished paths each time the air changes direction through the airways, which can lead to a high propensity to impact on airway surfaces. As a result, some of the particles near the airway surfaces will undergo deposition; this is termed inertial impaction. The possibility of deposition by impaction is subject to the ratio of particle arresting distance to dimensions of respiratory airways at an airstream's predicted velocity ([@bib22]). This type deposition mechanism of particles is also reliant on the location of the particles within the airways. The highest prospect of deposition by impaction is in the trachea--bronchial respiratory zone, this means impaction is of foremost concern in the large respiratory airways. For example, in a bifurcation of the human bronchial tree, deposition possibility on inhalation is much higher for an element moving along the middle line of the parent tube than for elements moving nearer to the track walls, and the most likely deposition locations are at or near the carina of the bifurcation (edge of cartilage in the trachea occurs between two main bronchi divisions). The highest degree of deposition by impaction occurs at the throat, and to a lesser extent at other bifurcations ([@bib32]).

The higher the particle mass and its mobility, the more difficult it is for the particle to adjust for a curving air stream. Large particles tend to stick to their original path because they have a higher relaxation time compared to small particles.

Using Stokes (Stk) number as a parameter for the characterization of the particles move, the deviation and deposition of the particles will increase with increasing the flow rate along with the growths of particle mass as shown in [Eq. (12.1)](#eqn1){ref-type="disp-formula"} ([@bib22])$${Stk} = \frac{\rho_{\rho}d_{\rho}^{2}uC_{c}}{9\mu d}$$

where $\rho_{\rho}$ is the particle density, $d_{\rho}$ is the particle diameter, $\mathit{u}$ is the flow velocity, *C* ~*c*~ is the slip correction factor, $\mu$ is the dynamic viscosity of carrier gas, and $\mathit{d}$ is the airway's diameter.

The Stk number shows that the probability of a particle to deposit due to impaction is directly proportional to flow velocity, particle density, and diameter, whereas it is inversely proportional to the airway diameter (distance to the surface). Thus deposition by means of inertial impaction is most significant for larger particles moving at a high rate close to the surface. When the diameter of the particle approaches the same magnitude as the mean free path of air molecules, particles experience "slip" at their surface. This error becomes significant for elements that are less than 1 µm. The slip correction factor is inserted in the deposition equations to correct for this error. The greater the Stk, the greater the probability that the inhaled particles will get impacted and not follow their streamline of air and will get deposited on the airway walls by the inertial impaction mechanism ([@bib46]).

In gravitational sedimentation the aerosol particles that fall in the size range of 1--8 µm when entering the respiratory system will settle principally in the alveolar cavities and the small airways by the effect of gravity. Settling or sedimentation is gravity, which makes particles to leave their original air stream. The particle sedimentation or settling distance is equal to its terminal settling velocity (Vts) times the residence time in each airway section.

In order to express the Vts, [Eq. (12.2)](#eqn2){ref-type="disp-formula"} can be used.$${Vts} = \frac{{g\rho}_{\rho}d_{\rho}^{2}Cc}{18\mu}$$

where *g* is the acceleration of gravity; $\rho_{\rho}$ is the particle density, $d_{\rho}$ is the diameter of the particle, *Cc* is the slip correction factor, and $\mu$ is the viscosity or air.

According to the probability of a particle to deposit due to gravitational settling is directly proportional to its density and particle size beside the residence time of the particles. In contrast to inertia, it is inversely proportional to the air stream velocity because the residence time decreases at increasing velocity. This particle deposition mechanism is, therefore, most substantial in the smaller airways and in the gas exchange region where air velocity is low and has its maximum removal outcome when airway surfaces come close to horizontal configurations, which is the case in the alveolar region ([@bib22]).

Gravitational sedimentation is the most significant mechanism of particles deposition for micron-sized particles in the small airways, which are able to pass through the nasopharynx and the large conducting respiratory airways ([@bib1]).

Brownian diffusion is the manner of deposition for particles smaller than 0.5 µm in diameter. This deposition results when the aerosol particles strike with the air molecules which results in the random motion of the aerosol particles inflicting their deposition within the areas of the airway wherever the velocity of air is low, such as the acinar region. Unlike the inertial impaction and the gravitational sediment-deposition mechanisms, increasing the particle size will reduce the deposition of particles by the Brownian diffusion; thus, in order to enhance the deposition of particles by this mechanism, the particle size should be reduced. The manner of deposition can be explained by the diffusion coefficient (*D*) of an aerosol particle which is given in the Stokes--Einstein equation ([Eq. 12.3](#eqn3){ref-type="disp-formula"}) ([@bib22]).

Diffusion is a considerable mechanism for the deposition of submicron particles in the pulmonary acinus and the small airways; in contrast to settling and impacting deposition approaches, diffusion is inversely proportional to the particle diameter and is controlled by geometric size rather than aerodynamic size ([@bib1]).$$D = \frac{k_{B}\mathit{T}C_{c}}{3\pi\mu\mathit{d}_{\rho}}$$ where *k* ~*B*~ is the Boltzmann's constant, *T* is the temperature, $d_{\rho}$ is the particle diameter, *C* ~*c*~ is the slip correction factor, and $\mu$ is the air viscosity.

Interception is the result of the contact of the physical particle with the surface of the airway surfaces because of its physical diameter, such a case is observed when a particle moves into an airway narrower in width than the particle diameter. It is a result of physical contact of a particle with the airway surface because of geometrical features. The probability of deposition by interception depends on the closeness of the air streamline to the airway surface and on the ratio of particle diameter to airway width, which is usually small even in the smallest airways. Interception, generally, is less significant than the other deposition mechanisms and is usually important mostly for fibrous particles ([@bib22], [@bib1]).

Particles deposition by the electrostatic precipitation mechanism accounts for less than 10% of the entire deposition through the respiratory tract. This mechanism is important for electrically charged particles that can be deposited when large numbers of shared charged particles drive them toward the airway wall. In absence of the collective repulsion force a charged particle can also be attracted to a neutral surface by image forces and then precipitate. An image force is created by the electrically charged particles itself and is equal but opposite of its own charge. The charges of the opposite image on to the respiratory tract airway surfaces frequently conduct electricity once they are not charged, but the electrically charged particles will be attracted toward the airway walls electrostatically, leading to higher deposition rates compared to neutral particles ([@bib22]).

### 12.3.1.1. Total lung deposition {#s0030}

The mutual deposition concerning inhaled molecules throughout the regions of the respiratory system can be identified and measured experimentally by measuring both the concentrations of the inhaled and exhaled monodisperses regarding the aerosols test under controlled conditions, and after certain calculations will produce the output of what is recognized to be the total deposition fraction (DF) that indicate the total fraction of the aerosol particles inhaled and deposited among different respiratory regions. This is considered the simplest and extensively applied measure of mutual deposition of inhaled particles ([@bib39]).

If the total DF is identified, the respiratory tract deposited particle dose rate, stated as the total amount of inhaled elements (number, mass, etc.) deposited in the airways during a period of time (e.g., lg/min), can be inferred from the dose-rate calculation:$${Dose}{rate} = {DF} \times C_{inhaled} \times {MV}$$

where *C* ~inhaled~ (e.g., µg/m^3^) is the particle concentration of the inhaled air (exposure level: the amount of particle per volume air) and MV is minute ventilation (m^3^/min). Of these parameters, DF is the least available factor, because it depends on numerous parameters as the respiratory parameters (rate, route, and volume) and subject-specific morphology of the lungs, as well as on particle size, shape, density, and chemical composition. Oversight of DF from the dose-rate calculation, as is often done, results in a considerable uncertainty of up to a factor of 10, as DF may vary from less than 0.1 to almost 1, mainly depending on particle size ([@bib26]).

If the aerodynamic diameter of an aerosol element is larger than 0.5 µm, the fractional deposition will increase with lowering the breathing frequency which in turn provides enough extra time to permit increasing gravity settling. For the particles that have an aerodynamic diameter larger than 1 µm, their deposition will increase once the average airflow rate rises up, and because of such type of particles, the inertial impaction deposition mechanism is affected that depends on velocity ([@bib59]).

Inhaled particles sizing in range (0.4--0.7 µm) exhibit minimum mobility, so the diffusion, impaction, and sedimentation mechanisms are not effective in the carrying and deposition of these particles.

Physiological factors influencing respiratory particles' deposition include the frequency of breathing and breathing-approach patterns, the pathway of breathing whether oral or nasal, features of ventilation airflow dynamics, tidal lung volume (displaced air volume between normal inhalation and exhalation), and functional residual capacity (residual amount of gas left in the lungs after normal exhalation). Increasing air flow rates raise the outcome effectiveness effect for the velocity-reliant particles deposition impaction mechanism while decreasing the effectiveness effect for time-reliant particles deposition diffusion and sedimentation mechanisms. Increasing tidal lung volumes permit particles to reach and distribute more in distal respiratory aeries, where the likely main particles deposition are governed by sedimentation and diffusion; therefore, the total input to overall deposition compared to deposition by impaction is increased. During exercise, both tidal volumes and breathing flow rates are increased, resulting in an increased deposition by sedimentation and diffusion in the small respiratory airways and alveoli; on the other hand, those conditions increase particles impaction in the large airways. Finally, mouth breathers will result in more particle deposition in respiratory tract than nose breathers because of the nasal efficient particles filtering compared to that of an oral route ([@bib56]).

Anatomical factors also play a significant role in particle deposition, those factors such as respiratory airway length and diameter, alveolar size, and bronchioles branching angles. There is a great number of variations in total respiratory particles deposition among normal healthy subjects breathing in the same pattern because of inters subject variability. Even within the same individual, age and pathological processes along with the changes in dimensions and features of the tracheobronchial tree of the respiratory system with lung volume. Gender differences in anatomical respiratory system structure and modulators of lung function also cause variations in deposition between men and women. For example, deposition in the lung tracheobronchial tree is higher in women compared to that in men as the average female thorax dimension is smaller than that in men and lower conducting airways volume which is only around 75% that in men. So far, when these anatomical gender volume variances are shared with lesser resting minute ventilation volume (volume of gas inhaled or volume exhaled) and breathing flow rates pragmatic in women, total respiratory particles deposition is lesser in women than in men mainly for the reason that a smaller dispersion of the aerosol occurs in the alveolar distal region of the female lung. Respiratory airway breathing conditions and geometry develop from birth to maturity. These changes affect respiratory elements' deposition in childhood. According to studies on particle deposition among children, the respiratory particles deposition in children tend to be higher compared to that in adults by an average factor of 1.5, and because of their minor lung surface area than that of adults, the quantity of particles deposited per surface area is higher by a factor of 4 or 5 in children ([@bib56]).

Finally, environmental factors such as relative humidity, temperature, and gravity are having a prospective impact on particle deposition. Studies of respiratory function done in the absence of gravity during parabolic flights have shown disproportionately reduced deposition for particles in the size range 0.5--3 mm compared to deposition in normal gravity. But on the other hand, these studies also suggested that while particle deposition reduced in absence of gravity, particle peripheral deposition in the lung is enhanced compared to that with normal gravity, and ambient relative humidity can significantly affect hygroscopic particles growth and therefore enhance their deposition efficiency ([@bib56]).

### 12.3.1.2. Regional lung deposition {#s0035}

In order to achieve the desired therapeutic action for a pharmaceutical aerosol, its particles should be deposited at definite regions in the respiratory tract where certainly targeted receptors are present in which they will bind to exert their therapeutic consequence ([@bib11]).

While most investigational studies have measured ultimately total deposition only, regional deposition within the lung is significant for evaluating the potential hazard of inhaled elements by assessing the effective dose at the critical site within the lung. The value of deposition in any respiratory region depends on the effectiveness of deposition for the region along with deposition in preceding regions, for example, deposition in respiratory regions such as the head airways or the tracheobronchial region is of essential importance since it provides protection for vital sections such as the alveolar region from harmful and irritating particles. Several aspects that govern the deposition of particles in the head airway region are (1) breathing path whether through the mouth or the nose, (2) breathing flow rate, and (3) inhaled particle size.

As inhaled air passes through the nasal cavities it is humidified, warmed, and filtered, where the principal particles are filtered by impaction and by settling down on nasal hairs and at curvatures in the path of the airflow. For mouth breathing at an inspiratory of 30 L/min flow rate, nearly 90% of aerodynamic diameter particles in the proportion range of 5--10 µm are deposited formerly once the inhaled air reaches the larynx. For inhaled air inhaled through both mouth and nose, deposition in the head airways increases as average inspiratory flow rate rises. In the meanwhile, airborne micro ultrafine particles, less than 0.01 µm have a substantial deposition on surfaces of the head airways due to their great diffusion coefficients ([@bib11]).

Usually, alveolar deposition is determined by measuring the proportion of the inspired particles pass through the head airways region that ultimately deposits in the alveolar region. Such proportion of deposition in the alveolar region is influenced by breathing rate, tidal volume, and particle size which is considered to be a mutual cause of size discriminatory particle deposition in the tracheobronchial region, where declined numbers of particles in the 2--10 µm size range reach the alveolar region, while particles larger than 10 µm failed to reach the alveolar region ([@bib59]).

Understanding the physical and chemical particle properties, such as particle size, that influence the regional particle deposition in the respiratory tract is the key issue to achieve the desired effect for a pharmaceutical aerosol.

In order to confirm the functionality, reproducibility, stability of these aerosols pharmaceutical formulations, the functional performance of the formed systems in a predetermined way with the aid of necessary analytical techniques is needed.

12.4. Quality control and formulation characterization: traditional approaches {#s0040}
==============================================================================

In terms of the mutual relationship between pharmaceutical development and manufacture, the regulatory entities are continually developing their requirements to meet the challenges of ensuring the efficacy, quality, and safety of new technologies in the global marketplace. The ultimate responsibility for the quality of therapies and medical devices lies with several national and international regulatory bodies elected to safeguard public health ([@bib12]).

Quality is the key issue within the pharmaceutical industry and is the part of good manufacturing practice which ensures that the essential and appropriate tests are actually carried out and that products are not released for sale or supply and consequently for human use until their quality has been arbitrated to be satisfactory according to specifications. Quality control issues are concerned with representative sampling, provisions, specification, testing along with the organization, certification, and release procedures ([@bib16], [@bib61]).

Guidelines and procedures of standard quality control tests for pharmaceutical aerosols are described in different pharmacopeias and regulatory affairs. Comparing the standard operating and testing procedure of aerosols between different references and pharmacopeias show minor changes between them with differences in test and their limits. These guidelines vary from country to country. A harmonized standard and specification is possible if there is a universal definition and approval for procedures and measures acceptance criteria to all regions ([@bib58]).

In addition to these pharmacopoeias and regulatory bodies, European pharmaceutical aerosol group (EPAG), International Pharmaceutical Aerosol Consortium on Regulation and Science are scientifically investigating the standard and regulations of operating and testing the procedure of aerosols products, including clinical aspects as appropriate, figure consensus and contributes toward operative regulations and standards through sharing the consequences of its research via technical journals, scientific pharmaceutical conferences, and discussions and negotiations with regulatory bodies. The aim is to create a coordinated scientifically based good practice to provide consensus reference to industry and governmental agencies in order to improve safety and quality standards and to recommend harmonized standards and methodology ([@bib61]).

12.4.1. In-process quality control and finished product quality control for pharmaceutical aerosols {#s0045}
---------------------------------------------------------------------------------------------------

Among the drug products, for example pharmaceutical aerosols, its in-process quality control (IPQC) and finished product quality control (FPQC) must be maintained under demanding quality control tests to ensure proper active ingredients and pressurized package performance along with safety during use and storage, and that could be ensured through tests mentioned in pharmacopeias for the pharmaceutical aerosols that must strictly be performed to ensure the proper quality. Therefore human health safety can be certified with pharmaceutical aerosols ([@bib76]; [@bib8]; [@bib63]).

The total quality of the product is assured by the IPQC and FPQC tests. This total quality assurance--dealing process (IPQC and FPQC tests) represents rigorous tests to allow products being completely indefectible before they are launched into the market ([@bib60]). Many concerns need to be measured in order to obtain a product with appropriate quality depending on the requirements of the national authorities and legislation, and the manufacturers' internal policies for production process (safety, marketing, etc.). For pharmaceutical aerosols, quality evaluation depends on several tests performed throughout the formulation development, in the process and finished product inspection phases ([@bib74]).

Quality-control tests and standard guiding principles for pharmaceutical aerosols are obtained from pharmacopeias and regulative associations such as British Pharmacopoeia, United States Pharmacopoeia, National Formulary (USP-NF), International Pharmacopoeia, the international pharmaceutical aerosol consortium on regulation and science association, and the EPAG ([@bib60]). IPQC tests are carried out at regular intervals before the process of product manufacturing is completed. The purpose of IPQC is the monitoring and assessment of the quality of pharmaceutical products' evaluation and carry on necessary production adaptation for the manufacturing process to comply with pharmacopeias. FPQC tests are performed after the completion of the manufacturing process with the purpose of evaluating qualitative and quantitative features of the finished product as well as asses test procedures and their acceptance parameters, that should obey by the finished pharmaceutical product throughout its valid shelf life ([@bib58]).

According to these references and regulatory gridlines, the following evaluating tests must be performed.

### 12.4.1.1. Spray testing {#s0050}

The driving purpose of this test is to eliminate any pure propellant from the dip tube as well as any concentrate, in addition, to inspect for defects in valves and spray pattern ([@bib31]). This test method encompasses the impingement of test sprays on the surface of a treated piece of paper with a dye-talc mixture. This is shown in [Fig. 12.5](#f0030){ref-type="fig"} ([@bib61]).Figure 12.5Aerosols spray test.

The nature of the aerosol determines whether a water-soluble or oil-soluble dye is applied. The sprayed particles that strike on the surface of the substrate testing paper cause the dye to be converted into solution and to be absorbed onto the paper. The outcome of this test gives a highlighted record that the spray design latterly can be used for comparative assessment to eventually give a spray pattern record. Most pharmaceuticals carry on a 100% batch inspection which means entirely whole aerosols within a batch are spray tested and concluding records are used to compare different batches. For metered dose aerosols, the spray pattern of an aerosol can have a great effect on the dose of the medication that reaches the patient's lungs \[[@bib23]; [@bib20]\].

### 12.4.1.2. Leak testing {#s0055}

Leak test is done by checking the crimping of the aerosol dispenser valve that must be available to avoid defective containers. This is accomplished by determining the crimp's measurements and ensuring that their dimensions meet specifications. This evaluating test involves allowing the filled containers passing through a water bath and final testing of valve closure is done. Bestowing to this test, leakage is defined as the weight change of the same container before and after being stored in a vertical position at 25°C±2°C for a minimum of 3 days. According to the USP-NF, 12 pressurized containers selected at random, aerosol dispensers are selected and weighed in mg, and this is considered as the weight before the positioning (*W*1). Allow the filled tested container to stand in an upright correct position at room temperature for at least 3 days, and weigh of each container should be determined again, finding the weight in mg of each container as (*W*2). The time during which the containers were under test (*T*) is determined in hours. Ultimately, the leakage rate of each container is calculated in mg/year as follows ([@bib61]):$${Leakage}{rate} = 365 \times 24/T \times W1–W2$$

To meet with the standard requirements the average leakage rate of the 12 sample containers is less than 3.5% of the net filled weight per year, and it is necessary for all of the tested containers that none of them leaks more than 5% of the net filled weight per year. If one of the 12 containers leaks more than 5% per year, but none of the containers leaks more than 7% per year, then it is necessary to determine the leakage rate for additional 24 containers. Ultimately, according to requirements, not more than 2 out of the 36 containers should leak more than 7% of the net fill weight per year ([@bib77]; [@bib64]).

### 12.4.1.3. Weight checking {#s0060}

This assessment procedure will check the accuracy of the filling procedure and assurance of uniformity of the final total weight of the product. Tared empty containers are added to concentrate filling lines. Subsequently, they are removed later from the patch and weighed in order to investigate their fitting with the required measures ([@bib64]).

Weight checking is done by periodical addition of empty aerosol container to filling lines which is removed later after being filled with the product concentrate and weighed. The same technique is usually used for checking the weight of the propellants. As a further assessment, the finished product filled container is weighed to check the accuracy of the filling operation. The unit of this test is expressed in pounds and ounces ([@bib52]).

### 12.4.1.4. Valve acceptance {#s0065}

This test is a mean of ensuring that valves are procured from technically acceptable sources. Valves are the foundation for operating units and must perform as required because valve problems cause lost production. The previous study performed in 2003 revealed that 43% of valve failures were caused by inadequate design and deficient materials attributable to valve design, operating difficulties, excessive seat leakage, and external leakage, so valve type acceptance testing is needed, through testing of a valve to its design limits of temperature and pressure. The valve acceptance test procedure applies to two categories of metered aerosol valves having the following limits:

Deliveries 54 µL or less (limit's ±15%), deliveries 55--200 µL (limit's ±10%)

Deliveries of 50 individuals:

If four or more aerosol valves are outside the limits for the specified valve delivery, the valves are rejected. If three individual dispensaries are outside limits, the test is repeated using another 25 new sampled valves. The patch is accepted if not more than one valve delivery is outside the specification; otherwise, the lot is rejected and another 25 valves should be tested ([@bib77]).

### 12.4.1.5. Containers {#s0070}

Various materials are used for containers, tin-plate, aluminum, stainless steel, and certain types of glass. One of the important criteria for the selection of an aerosol container is withstood internal created pressure as high as 140--180 psi at 130°F ([@bib54]). Both the coated and uncoated containers are evaluated for defects in the inner lining. Quite a lot of quality control aspects and assessment parameters are applied according to the type of container used. For metal, quality-control aspects include specifications for the extent of electrical current conductivity as a quantitative measure of the exposed metal. Glass containers are inspected for cracks and defects weakness. Other containers common parameters are evaluated such as their parts measurements and weight to guarantee they fulfill with the specifications obligatory ([@bib61]). The dimensions of the containers neckline and other constructive parts must be checked to determine conformity to specifications ([@bib3]).

### 12.4.1.6. Valves, actuators, and dip tubes {#s0075}

Numerous physical and chemical inquiries should be applied to these aerosols' receptacle fragments, through several steps supported with documentation review. The objective of these tests is to measure the average magnitude of valve delivery and degree of uniformity between discrete valves. Twenty-five valve samples from each batch are chosen using sampling plans indexed by acceptable quality level such as military standard--105D sampling method. These receptacles are full of with standard test solutions each with defined specific gravity proposed to assesses variation in valve delivery. These solutions are alcohol USP-NF, isopropyl myristate (0.1%), dichlorodifluoromethane (49.95%), trichloromonofluoromethane at 25°C. Subsequently, a 0.02-in. actuator is mounted on each valve and then the filled containers are located in 25°C±1°C airspace so that they will change to that temperature. These filled receptacles are actuated to the fullest extent for at least 2 seconds and weighed. Difference between determined weights represents delivery in mg. This test is repeated at least twice for each unit from the 25 sample units. Finally, the rate of valve delivery per actuation is calculated in microliters ([@bib3], [@bib61]).

The valve rate of delivery rate per actuation=individual delivery weights (mg)/specific gravity of the test solution

### 12.4.1.7. Propellants {#s0080}

The purpose of this test is to identify and to work out the composition of the mixture existing when a blend of the propellants is applied, and see whether or not it matches the label. This test is carried out by performing IR spectrophotometry or gas chromatography. It is inspected for the vapor pressure to determine its moisture content, density, nonvolatile residue, and halogen determination as signs of purity and satisfactoriness of the propellant ([@bib3], [@bib64]).

A pharmaceutical aerosol must satisfy certain standards to claim it to be a quality therapeutic perform drug, so it is mandatory to maintain their quality by variegated numbers evaluation, based on the series of tests carried out during the formulation development and finished product testing stages based on pharmacopeias standards and specifications. The presence of propellants is the unique feature of this dosage, whose properties, such as flash point, are subject to the quality control evaluations to ensure the proper aerosol performance and safety.

12.5. Aerosols evaluation parameters {#s0085}
====================================

Pharmaceutical aerosols should be tested and evaluated in order to ensure that they have satisfactory performance and appropriate safety while being packaged, stored, and used. Thus certain biological, physical, and chemical parameters should be tested and evaluated on aerosols---these tests will be discussed in further details in this section.

12.5.1. Flammability and combustibility {#s0090}
---------------------------------------

Based on the type and amount of the ingredients, certain pharmaceutical aerosols comprise flammable propellants such as hydrocarbon propellants. Typically, in order to guarantee the safety of such products prior to patient use, storage and transportation flammability and combustibility of aerosols should be evaluated. There are numerous test protocols to quantify the degree of flammability and combustibility based international standards. Flammability and combustibility can be determined through the upcoming procedures ([@bib54]).

### 12.5.1.1. Flash point {#s0095}

The flash point is a temperature that measures the propensity of the test concentrate sample to form a flammable blend with air under controlled defined laboratory conditions. The significances of flash point determination is useful in determining correct conditions for storage, shipping, and to state safety regulations for flammable and combustible materials. In order to determine the flash point of an aerosol, two basic apparatus types are available which are an open cup and closed cup as shown in [Fig. 12.6](#f0035){ref-type="fig"} . Closed cup tests purpose to simulate the situation of a fluid spill in a closed environmental condition. For any liquid of the test sample if it is at, or above, its flash point, a fire or explosion is a possibility once exposed to a possible ignition source. In closed cup tests to determine the flash point the investigated sample is placed inside a sealed test cup and introduced to a potential ignition source, determining the temperature at which the sample flashes. Open cup apparatus is used for the standard label ([@bib35]). Figure 12.6Flash point apparatus types.

Flash point test protocol is done by cooling the temperature of the aerosol product to almost 25°F, then the aerosol is captive to the testing apparatus. Gradually start to increase the temperature of the test liquid; the lowest temperature at which the vapor will ignite is recorded and this temperature is the flash point of the tested liquid. The obtained flash point is typically referring to the most flammable component's flash point ([@bib50]). One of the points that should be known is that an open cup apparatus will constantly give a higher flash point than a closed cup one as the open cup permits loss of internal vapors to the atmosphere above the apparatus. Consequently, closed cup assessments are usually specified owing to improved precision ([@bib21]).

### 12.5.1.2. Flash extension and flashback {#s0100}

This type of evaluation test is also acknowledged as the flame projection test. The investigated aerosol product is sprayed through an open candle flame for about 4 seconds at a fixed distance of 6 in. (15 cm), by means of a suitable ruler the flame's extension is measured in (cm) and recording the length of the flame projection. An aerosol product is judged flammable if its flame extends 18 in. (46 cm) or more through an open flame, or if the flame flashes back to the actuator. The extension of the flame is reliant on the ingredient's nature of the aerosol's preparation ([@bib35], [@bib62]).

12.5.2. Therapeutic activity {#s0105}
----------------------------

Testing the therapeutic activity of aerosols include similar tests to that of evaluating the therapeutic activity of nonaerosols pharmaceutical dosage forms, but in the case of aerosols, it also related to is associated with the particle size spreading. As a primary step, the dosage of the inhaled aerosol must be determined surely prior to testing the therapeutic activity of inhaled aerosol. For topical aerosols, therapeutic activity is determined by topically applying the therapeutically active ingredients directly to the test areas and evaluating the amount of therapeutically active substances absorbed ([@bib35], [@bib54]).

12.5.3. Physicochemical characteristics {#s0110}
---------------------------------------

Chemical and physical characteristics of aerosols determine their atmospheric removal by gravitational settling, diffusional growth, and extent of water absorption, which leads to size growth and subsequent elimination by both wet and dry deposition. The significance of aerosol size growth and constituent chemical compositions in determining their atmospheric lifetimes is stressed. The basic chemical and physical properties of aerosols include the following.

### 12.5.3.1. Vapor pressure {#s0115}

Measuring and evaluating the total vapor pressure of an aerosol container could be achieved using special equipment such as a pressure gauge, water bath, test gauge. Determining pressure variation between different patch containers of essential importance because if this variation is extreme will indicate that air is present within the dispenser headspace which could affect the stability of the product. To measure vapor pressure accurately a "can" puncturing device can be used ([@bib50]).

### 12.5.3.2. Density {#s0120}

Using different instruments such as a hydrometer or a pycnometer, the relative density of aerosol liquids can be determined. Initially a choke valve, a glass pressure tube, and a metal flanges are fitted all together permitting liquids under pressure to be introduced, then the hydrometer is positioned within the glass pressure tube, then the sample is introduced by the valve. This will cause the rising of the hydrometer halfway the tube's length, and directly the density can be read. The density is generally expressed as g/ml ([@bib50]).

### 12.5.3.3. Moisture content {#s0125}

Chromatography and Karl Fischer methods are two of the many methods that have been demonstrated to be useful in evaluating the moisture content of aerosol containers. Usually, moisture content is expressed as a percentage (%). Karl Fischer methods is a precise technique for determining the moisture specifically for water content using Karl Fischer reagent, that interacts selectively and quantitatively with water, to find the moisture content. Karl Fischer reagent consists of a basic solution of sulfur dioxide, iodine, and a solvent, such as alcohol ([@bib54]; [@bib34]). Based on results seen in stability studies, the limit for moisture content should be established \[[@bib15]\].

### 12.5.3.4. Identification of propellant {#s0130}

As discussed previously, the two main devices that have been used to evaluate propellants are infrared (IR) spectrophotometry and gas chromatography. These methods are correspondingly used as an indication of each component's proportion (The theory and practice of industrial pharmacy) ([@bib34]).

### 12.5.3.5. Concentrate propellant ratio {#s0135}

Label fill volumes are based on "liquefied" propellant and concentrate volumes. To determine concentrate volume, propellant volume, and headspace volume (the empty volume in the upper portion of the dispenser at a specified temperature), usually density of concentrate and propellant is used ([@bib59]).

12.5.4. Performance {#s0140}
-------------------

For evaluating an aerosol, two main considerations should be measured. First is functionality that improves patient-required compliance, minimizes lost, and improves ease of use. Several tests are included for evaluating and predicting aerosol respirable good performance; these evaluating tests will be discussed in further details in this section. The second consideration is the capability of the container system to deliver an accurate amount at the required rate ([@bib18], [@bib13]).

### 12.5.4.1. Aerosol valve discharge rate {#s0145}

The discharge ratio of an aerosol valve is fined by measuring the quantity of expelled material through the dispenser valve in a given time interval for an identified weight with a standard apparatus being used. After the time interval has passed the aerosol container is reweighted for the discharge ratio to be defined in grams per second. Normally discharging duration is 10 seconds, and the test is conducted under controlled temperature to achieve good reproducibility. Usually, the test is repeated three times to give three determinations ([@bib50]).

### 12.5.4.2. Leakage {#s0150}

Considering good packaging system functionality and minimizing waste after filling of the aerosol container, each container is to be tested for leakage by means of a suitable advanced detector that is used for halogenated compounds; this detector can automatically and instantaneously detect and reject a leaking container, which grantee optimized operation. Official compendial specifications such as USP XXI-NF (1985) are usually applied in order to gravimetrically determine if the leakage rate from a certain group of containers follow the official norm ([@bib5]).

### 12.5.4.3. Particle size determination {#s0155}

There are many types of advanced methods that have been used to find the aerosol's particle size. The cascade impactor and the light scatter decay approaches have been the most widely used methods among another measurement of the mass median diameter of solid aerosol particles. Cascade impaction devices classify particles and droplets present in a sample of aerosol based on those particles' aerodynamic diameters. Though a series of glass slides and nozzles projects a high-velocity stream of particles, an impactor can classify particles into known size ranges. The powerful air jets from these device nozzles impact on flat sampling surfaces, and each phase collects finer sized particles than its predecessor. The large particles are impacted and collected first on the plane stages of lower velocity, and the small particles will pass and get collected at the stages of higher velocity. Particles having adequate inertia will impact on related particular stage collection plate, whilst finer particles will stay entrained in the air stream and move to the next stage where the process is repeated ([@bib35]). [Fig. 12.7](#f0040){ref-type="fig"} illustrates a cascade impactor.Figure 12.7Andersen cascade impactor.

Light scattering decay is based on the principle that as aerosols settle in turbulent condition, at this stage, the particle size is determined by changes in the Tindall beam light intensity. The unit of particle size is expressed as micrometer ([@bib43]).

### 12.5.4.4. Foam stability {#s0160}

According to the formulation, some foam have a lifetime of a limited few seconds and those known as "quick breaking" foam, while other foams can persist up to hours. Different methods can be applied in order to evaluate the stability of foam that is released from an aerosol container. These include using rotational viscometers, visual evaluation of the foam, time determination for a specified mass to penetrate the foam, also time for a given rod to fall that is placed into the foam could use ([@bib34]).

### 12.5.4.5. Net content {#s0165}

The net contents (net weight) statement specifies how much available product is in the container that indicates whether an aerosol container has been filled sufficiently that could be estimated using several methods. One such method is that the empty aerosol container is weighted prior to filling, then the container is reweighted after the process of filling and sealing is conducted, the difference between these weights is considered to be the net content ([@bib50]).

### 12.5.4.6. Spray pattern {#s0170}

This evaluation procedure is important in order to compare different valve and material spray patterns. This assessment relies on spraying the content of the container on a rotating paper impregnated with a dye solution, colored spots are produced and homogeneity of the color indicates a homogeneous spray pattern. The aim behind rotation is controlling the amount of material that comes in contact with the paper depending on the formulation's nature; the type of dye used on the piece of a revolving paper could be a dye-talc mixture and can be a water-soluble dye or an oil-soluble dye. After spraying the content the spray is allowed to collide with the piece of paper where the particles that come in contact with the dye will change into a solution that will get absorbed onto the rotating paper. These give the record for the spray patterns, which can then be used for comparison of different patterns among containers ([@bib34]).

### 12.5.4.7. Dosage with meter valve {#s0175}

Multiple points must be taken into consideration when evaluating the dose delivered through the valve. First confederation is that the dosage emitted each time depressing the valve should be reproducible which can be tested by one of two methods, either by dispensing one or two doses through the valve of the pressurized MDI down into a container with a recovery solution or solvents that will absorb the active ingredient in the formula. By assaying these materials the amount of the active ingredient can be found. The other method used to evaluate the dosage emitted through a valve is by accurately weighting filled container. Several doses are then dispensed followed by reweighting the container each time, the average dose emitted through the valve can be found by dividing the difference in weight by the number of dispensed doses. The second important confederation is how much of the medication the patient has actually received, this is quite difficult to be evaluated in vitro, but success in this matter is achieved by using an artificially human-like respiratory system ([@bib45]).

Several tests are included for evaluating and predicting various factors related to aerosol good performance, such as actuator tube design, moisture content, the vapor pressure of propellants, spray pattern, the efficiency of valve crimping and measurement of particle size aerosols. A variety of techniques are employed that are universal to all branches of aerosol performance testing.

12.6. Universal tests and standards for pharmaceutical aerosols {#s0180}
===============================================================

12.6.1. Identification {#s0185}
----------------------

This qualitative confirmation assessment is also known as the identity test it is applied to verify the type of the pharmaceutically active ingredient(s) claimed to be found in the pharmaceutical aerosol. On the other hand, this test can be also used to differentiate between the components that have similar or closely related structures that might be existing in the formula. Identification tests should be specific for the drug substance, e.g., IR spectroscopy, high-performance liquid chromatography/ultraviolet spectrophotometer (HPLC/UV), HPLC/mass spectrometry (HPLC/MS), or gas chromatography/mass spectrometry (GC/MS) is generally acceptable ([@bib30], [@bib60], [@bib61]).

12.6.2. Assay {#s0190}
-------------

This quantitative active ingredient identity test is also known as the content test. It is used in the determination of the strength or content of the pharmaceutically active ingredient(s) in the aerosol. Using ultraviolet spectrophotometer, absorbance is determined for 1 mL of spray solution taken after adequate dilution. Concentration is determined from the standard plot, and the drug content is calculated as a percentage of the theoretical value ([@bib50]).$${Drug}{content} = \frac{{Actual}{drug}{content}}{{Theoretical}{drug}{content}} \times 100$$

The amount of drug substance should be determined per weight unit or per volume unit for multidose products, where the usual assay limits for medicinal products apply \[[@bib15]\].

12.6.3. Relevant impurities {#s0195}
---------------------------

Characterization of potential impurities and degradation products that may result from the degradation of the active ingredient in manufacturing or storage or as a result of the new drug synthesis is an important requirement for aerosols safety evaluation ([@bib30], [@bib60], [@bib61]).

Several methods are applicable in this issue, such as HPLC and gas chromatography, and one of the innovative detectors is charged aerosol detection technology that delivers a good performance to measure analyte charge that is in direct proportion to the amount of the analyte present ([@bib73]).

12.6.4. Description {#s0200}
-------------------

It is the specification appearances, it describes pharmaceutical aerosol drug product qualitatively ([@bib60]). For aerosols a specified description for both the formulation including active ingredient and excipients and along with the complete delivery device characters (e.g., for the description on the specification might read: a red cap or a blue body, linear actuator) should be specified. For nebulization products the instantaneous packaging should be defined (e.g., translucent or opaque low-density polyethylene nebula) \[[@bib15]\].

12.7. Evaluation of packaging components of aerosols {#s0205}
====================================================

Successful preparing and packaging of pharmaceutical aerosol required certain knowledge, skills, and equipment as with other pharmaceutical products; these processes must be carried out under strict supervision and observance to rigid quality-control requirements. Food and Drug Administration (FDA) guidance document requires the assessment of the main four attributes to establish suitability: protection, drug-delivery performance, safety, and compatibility. All four attributes must be evaluated and proved to have desired concern to the aerosol product performance or the drug product. After signifying container closure system appropriateness, it is essential to define quality control measures that will be used to ensure physical and chemical composition consistency in the packaging components. The quality of components and eventually the container closure system can be monitored using a few simple tests.

Physical considerations such as evaluating seal integrity through determining water vapor transmission, monitoring melting point, and glass transitions of plastics using differential scanning colorimetry thermal analysis, and IR scanning to verify identity should be a part of an ongoing monitoring quality-control program. Dimensional criteria should be defined and monitored such as volume, shape, the thickness of barrier, and design tolerances. Evaluation of chemical composition should also be considered via simple and informative USP-NF physicochemical tests using water, drug product vehicle, and alcohol extractions of plastic components. Satisfying these standards will minimize risk and grantee effective product release in an appropriate desired rate ([@bib18], [@bib13]).

Specific modifications for the quality-control system must be carried since part of the manufacturing operations (addition of propellant to concentrate) is carried out during the packaging operation. Specialized equipment capable of handling and packing formulas under high pressure or at relatively low temperatures (about 40°F) must be available in addition to the equipment used for the compounding of liquids, suspensions, emulsions, creams, and ointments. This equipment is usually limited to aerosol or pressurized packaging and, in most instances, cannot be used for other pharmaceutical operations ([@bib34], [@bib5]).

12.7.1. Protection {#s0210}
------------------

A light-resistant container that proposed to offer protection from light was evaluated by performing the USP-NF ⟨661⟩ Light transmission test. This evaluation procedure necessitates the use of a precise and sensitive spectrophotometer, altered for determining the quantity of light transmitted by the container material, especially plastic containers.

Also, by performing and carrying out the USP-NF ⟨661⟩ Water Vapor Permeation test, the capability of a container closure system to protect against transmission of moisture could be evaluated. The USP-NF sets limits to the amount of moisture that can migrate through the packaging systems based upon size and composition of the packaging materials especially for plastic containers ([@bib79]).

12.7.2. Compatibility {#s0215}
---------------------

A container component compatible with a dosage form must be ascertained to ensure the quality of the drug or the component. Evaluation of nature and/or amount of any chemical permeate from the packaging material to the drug product is realized by a leachability study designed for that purpose. Several sensitive analytical procedures and methods are applicable for that determination, such as liquid chromatography/mass spectrometry, GC/MS, IR scan to evaluate nonvolatile organics and quantitate inorganic elements and provide proof of identity. The leachability study should assess materials that migrate into the vehicle for the length of product shelf life claim at regular time intervals, such as at 1, 3, or 6 months or at 1 or 2 years until the extent of the shelf life claim has been met.

Other changes which may cause degradation of drug product such as pH shifts, precipitates, and discoloration should be evaluated along with assisting the physical stability of the container by evaluating changes in characteristics such as brittleness, using thermal detectors analysis method and hardness testing ([@bib47]).

12.7.3. Safety {#s0220}
--------------

Defining the safety of a packaging component is not a simple process, and a standardized technique has not been recognized. However, all packaging components should be made of constituents that will not leach toxic or disagreeable quantities of constituents during patient drug treatment. The chief consideration is an extraction and isolation study that is accomplished through incubation of a container sample in different solvents at definite and well-controlled temperatures and times intervals.

The containers used to pack medications are classified with a high degree of concern, such as inhalation aerosols, knowing of degradation products that may be released into the drug product is significant; so prior to performing any of the evaluating chemical tests discussed here, it is important to have accurate descriptive information on the synthesis procedures that have been applied and the solvents used in that procedures, besides knowing the different additives that have been added during product manufacturing.

The USP-NF includes physicochemical tests for evaluating containers material which is applicable, sensitive, quick, and cheap. They help in setting up container material safety. These official tests stated in USP-NF based on water extracts, alcohol, and in nonpolar solvents under precise temperature and time limits. Generally, these tests are mainly valued in determining the materials as high or low in extractable chemicals, besides classifying material extracts in comprehensive terms, such as total extractable nonvolatile deposit, heavy-metals content, residue on ignition, turbidity and buffering capacity ([@bib13]; USP-NF, 2015).

The estimation of safety will also involve analytical methods and instrumentation to recognize the quality and quantity of the extracted chemicals and to collect sufficient information to allow the identification of potential toxic hazards resulting from the chemical components of the packaging materials. HPLC and gas/liquid (HPLC and GLC, respectively) are influential analytical apparatuses that can identify, separate, and estimate the quantity of volatile and nonvolatile chemicals. The mass spectrum is an important analytical method as it can provide a fragmentation pattern for each molecule, which makes it an excellent and adequate tool for recognizing degradation products or unknown impurities.

Biological reactivity is another part of the containers safety testing and is designed to test the toxicological properties of extractable chemicals. The USP-NF biological reactivity tests can measure and give limits for the safe level of exposure and provide a good evaluation for the toxicological properties, by means of the label specified route of administration ([@bib13]).

Considering and evaluating the main attributes of preparing and packaging of pharmaceutical aerosol along with evaluating the results of stability tests have large concern for successful aerosol product performance and its shelf life total quality.

12.8. Stability testing of aerosol products: International Council for Harmonization of Technical Requirements for Pharmaceuticals for Human Use guideline {#s0225}
==========================================================================================================================================================

The International Council for Harmonization of Technical Requirements for Pharmaceuticals for Human Use (ICH) guideline is a worldwide nonprofit organization underneath Swiss law, mission to achieve better universal harmonization to guarantee effective, high-quality, and safe therapeutic drugs. This organization gathers the pharmaceutical manufacturers and regulatory authorities to investigate and discuss scientific and technical aspects of drugs registration.

One of the important aspects of medicines is stability testing. These tests inspect the environmental influence on drug constituents or finished products with a consideration of time. Ultimately, evaluating the results of stability tests and assess its relation to total quality will be translated as appropriate recommended storage conditions and shelf life for the product. In this guideline, stability test conditions are chosen reliant on an understanding of the impact of climatic conditions in the regions of European countries, the United States, and Japan. In order to condense the amount of stability testing required, the world can be divided into four climatic zones for the purpose of worldwide stability testing, as follows: Zone I: temperate; Zone II: subtropical, with likely high humidity; Zone III: hot/dry; and Zone IV: hot/humid ([@bib25]).

There are two types of stability evaluation protocols: Electrochemical testing and long-term static testing. The electrochemical testing protocol provides an effective screening tool but is limited to concerning the amount of stability data obtained. Long-term static testing is generally performed at a temperature of 120°F, over a period of 3 months to a year. This type of stability tests provides the most important stability data such as weight loss, physical and chemical changes, concentrate/propellant saturation fluctuations (vapor pressure measurement), maintaining original spray characteristic, and corrosion and concentrate stability ([@bib50]).

There are four categories for the ICH topic coded assigned for efficacy, safety, quality, and multidisciplinary guidelines. Each guideline focused on a certain field of tests and legislation. Efficacy guidelines specify studies to evaluate the relationship between doses, systemically levels along with therapeutic response for the development of a new drug. Safety guidelines related to in vitro and in vivo preclinical studies as carcinogenicity and genotoxicity tests.

Stability guidelines for finished pharmaceutical products as aerosols are described in several arrangements and titles to ensure standard practice for storage of aerosols. Stability evaluation of new drug substances and finished products define recommendations on stability testing protocols for climatic Zone I and II including temperature, relative humidity, and trial duration considering the requirements for stability testing in climatic zones III and IV to minimize the different storage conditions for submission of a global registration ([@bib25]).

Quality guidelines are accountable for conducting stability studies, defining relevant impurities testing, and other different approaches related to ensure pharmaceutical quality based on management of risks toward good manufacturing practice. Also, guidelines provide recommendations to applicants who are planning product quality studies to measure pharmacokinetics (PKs), BA, and/or establish bioequivalence (BE).

12.9. Pharmacokinetic assessment and biological fate of aerosol delivered drugs {#s0230}
===============================================================================

Estimating the PKs of inhaled drugs is of essential importance to define drug concentration-time profiles in respiratory lung tissue at the site of intended action to predict and describe the efficacy in humans for inhaled drugs. Also, it provides information that is valuable for determining the BA and estimating the lung disposition kinetic parameters of inhaled therapies which in return will help in enhancing the lung delivery of these drugs. Simultaneously, PK studies can be used as a means of explaining the systemic adverse effects that occur systemically, while the aerosols are inhaled through the mouth ([@bib7]).

Physiologically based PK compartmental or noncompartmental methods are used to find PK parameters after inhalation of a drug. On the other hand, by incorporating the physiologically based PK a mathematical model that relating the disposition and response of a given inhaled drug can be obtained ([@bib27]).

The widespread availability of sensitive assay methods, such as high-performance liquid chromatography, allows the estimation of plasma and urinary drug levels required for PK evaluation that allows precise and reproducible quantification of drug delivery by determining plasma levels to reflect the effectiveness of lung absorption ([@bib7]).

12.10. Bioavailability and bioequivalence studies of aerosol: Food and Drug Administration perspective {#s0235}
======================================================================================================

In order to guarantee a predictive clinical outcome (i.e., efficacy and safety) of the medicated therapies dosage forms in clinical trials of drugs certain data and information should be followed such as the BA and BE studies. BA studies are related to estimating the rate and extent to which the API is absorbed systemically from a dosage form of a drug product and becomes available to exert its intended therapeutic effect at the targeted site of action. For certain drug dosage forms that are not proposed to be absorbed systemically, BA may be measured based on selected PK measurements to reflect the rate and extent to which API becomes available to employ its desired therapeutic effect at the intended site of action. For lung-delivered therapies, PK parameters assessment have a conventional title role in the quantification of drug delivery to the lungs and provides significant data about the respiratory-medicated aerosols BA, which is complementary to other supplementary techniques such as radiolabeled deposition ([@bib7]). BE product-quality studies compare the characteristics of different pharmaceutical alternatives and is defined as "the absence of a significant variance in the identity, potency, quality, rate and extent to which API reaches the site of drug action when administered at the equivalent molar dose under similar controlled conditions compared to pharmaceutical alternatives in a properly designed study." BE studies are important in developing and approval of generic and new drugs which compared as against clinical trial material to official reference listed drug. To establish BA and BE, in vitro and in vivo studies can be used, using in vivo \[PK, pharmacodynamic (PD), or clinical\], but in some cases, in vitro studies can be used alone ([@bib10]).

BA and BE assessments for some types of aerosols such as locally acting nasal aerosols and sprays are complicated because the drug delivery to the target sites of action does not occur principally after systemic absorption. Although the drug is administered nasally for local action, it has the potential to yield systemic activity, even though plasma levels do not, in general, reflect the amount of drug reaching nasal sites of action. For these reasons, BA and BE studies generally would consider both local delivery and systemic exposure or systemic absorption ([@bib19]).

The complication of areoles features as a dosage forms and renders them difficult to mimic and climb challengeable questions regarding similarity and type of properties that is essential to be controlled in order to guarantee both the efficacy and the quality of the product. Different aspects have been shown to have predictive or correlative relevance to considerations of BE as radiolabeled imaging of deposited aerosols, deposition imaging expanded to 3D, in vitro performance of the products, the influence of breathing patterns on deposition, and predictive modeling of deposition ([@bib3]).

The concept of in vitro BE implies biological consideration of similarity in performance of two or more products using concerns exerting sufficient control on key properties, known to correlate with therapeutic effect, to achieve BE such as breathing patterns and lung deposition. Two inhaler products will show pulmonary BE if the similar dose is delivered and deposited in the lung where the drug enters targeted pulmonary cells with the same rate. The products should also deliver the drug to the same intended central or peripheral parts of the lung ([@bib6]).

The US Department of Human and Health Services FDA has no formal guidance on all inhaled products. However, the FDA did publish an outline requirement for clinical documentation of orally inhaled drug products. A foundational element of this approach is qualitative and quantitative formulation and device sameness. This relates to physicochemical composition and properties of the formulation and components and operation of the device. Similarity at this level underpins the in vitro and in vivo performance ([@bib37]).

12.11. Futuristic aerosol products: market trend {#s0240}
================================================

Various advancements in the pharmaceutical aerosol drug delivery systems have been witnessed, that is, in the technology, devices, formulation, and application of pulmonary drug delivery systems, the inhalation pulmonary approach of therapeutic drug delivery is increasingly attracting attention to be explored for medicines that target systemic diseases---it is no longer the preserve of respiratory drugs ([@bib57]). The size of the market for respiratory inhaler devices continues to expand, with estimates suggesting it will reach \$43 billion by the end 2025---a compound annual growth of 4.3 ([@bib57]).

Nanotechnology needs special mention when discussing the future of unique developed pharmaceutical products. Nanotechnology and development of innovative inhaled particles engineering techniques are enabling full potential control for the physical particle chrematistics as size, shape, surface-related properties, agglomeration state, along with chemistry of those inhaled particles, enhancing formulations of the unique dosage form and improving drug delivery into the pulmonary system. The market for nanotechnology usage in medicine and drug delivery systems have emerged with innovative and promising applications in prevention, diagnosis, and treatment. It is predicted that by 2021, the total global amount spend on Nanotech Enabled Drug Delivery Therapeutics Market will be around \$136 billion, which would represent 15% of nanomedicines globally ([@bib44]).

12.12. Conclusion {#s0245}
=================

The advancements in the pharmaceutical and healthcare industry contributed to drug development in order to meet the demand for effective ways to fight different diseases, have led to the development of countless effective therapeutic drug delivery methods---pharmaceutical inhalation aerosols being one of them. Successful preparing and packaging of pharmaceutical aerosol required certain knowledge, skills, and equipment as with other pharmaceutical products, these processes must be carried out under strict supervision and observance to rigid quality-control requirements. Quality of pharmaceutical aerosols is the key issue within the pharmaceutical industry of pressurized dosage form, IPQC and FPQC must be maintained under rigorous quality control tests to ensure appropriate performance of the package, active ingredients and guarantee safety during storage and use as per specifications of the respective pharmacopeias, and the regulatory requirements of the particular countries. Different studies are clearly revealed through various pharmacopeias suggesting different types of IPQC and FPQC tests for pharmaceutical aerosols with different specifications and standards, the main function of all pharmacopeias is to assure the maximum quality of pharmaceuticals for human health. Establishing harmonized standards, methodology, and regulations of operating and testing procedure of aerosols products are recommended in addition to these pharmacopeias and regulatory bodies.

Considering and evaluating the main four attributes of preparing and packaging of pharmaceutical aerosol (protection, drug delivery performance, safety, and compatibility), along with evaluating the results of stability tests, have large concern for successful aerosol product performance with high total quality and used to estimate appropriate recommended storage conditions and shelf life for the product.

To find PK parameters after inhalation of a drug, physiologically based PK compartmental or noncompartmental methods are used. In order to guarantee a predictive clinical outcome (i.e., efficacy and safety) of the medicated therapies dosage forms in clinical trials of drugs, certain data and information should be followed such as the BA and BE studies using in vivo (PK, PD, or clinical), but in some cases, in vitro studies can be used alone.

The complication of areoles features makes the assessments of BA and BE for some types of aerosols such as locally acting nasal aerosols and sprays difficult. Different aspects have been shown to have predictive or correlative relevance to considerations of BE, such as radiolabeled imaging of deposited aerosols, deposition imaging expanded to 3D, in vitro performance of the products, the influence of breathing patterns on deposition, and predictive modeling of deposition.
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